Abstract-Soil volumetric structure is an important parameter for tillage operation. The aim of this paper is to assess whether volume characteristics can be inferred from radar measurements. A 2-D numerical model (the 2DSCAT model) was developed based on a numerical solver using a time-domain finite-element method to solve Maxwell's equations. Perfectly matched layers were implemented as well as a near-to far-field transformation. A focused incident beam was generated by adapting the boundary conditions. To represent the soil structure, a simulator was developed describing the soil as biphasic media (fine earth and clods). Clods were represented by randomly deformed ellipses, with randomly determined dimensions, locations, and orientations. The model performed successfully, as evaluated against exact analytical solutions available for an infinite perfectly conducting cylinder and the reflection of flat semi-infinite media. The model was then evaluated against measurements made by an X-band FM continuous-wave radar on a box filled with dry clods of different sizes. The effect of the clod size on the backscattering power was very well reproduced, showing the potential of using a 2-D numerical model to understand microwave-backscattering patterns from cloddy soils. Analysis of the volume scattering shows that this phenomenon can be mostly hidden in the scatter diagram by surface scattering when the latter occurred. However, the volume scattering gives a stronger residual signal in time because of propagation through the medium. Thus, time studies of the scattering signal provide further information about volume heterogeneities.
I. INTRODUCTION
V OLUME-SCATTERING signals may provide remote and nondestructive information regarding the inner structure of a heterogeneous medium. In this paper, we tested whether microwave-scattering measurements made by a radar installed at the back of a tractor could be used to characterize clod size after a tillage operation. This is an important agronomic parameter that needs to be assessed in order to appreciate the quality of seedbed preparation [1] . Beyond this practical question lies a more fundamental question of the role of soil 3-D structure in the scattering processes.
Microwave volume scattering is often advanced as an explanation for the disagreement between radar or radiometer measurements and soil microwave emission or backscattering models that, in most cases, consider only surface scattering. However, a few studies have quantified or modeled soil volume scattering, particularly that induced by soil clods, which fall within the size of the wavelength range. Theoretically, microwaves penetrate soil through the top layers. This was observed by the measured reflection from a metal plate inserted below the soil surface [2] or the detection of subsurface geological discontinuities [3] . Moreover, [2] suggested the existence of volume scattering since the extinction coefficient had to be increased in order to model the soil emission when a metal plate was inserted into the soil. Using a theoretical analysis, [4] showed that disklike inclusions significantly affected backscattering coefficients. However, the size of the inclusion (∼in millimeters) and the dielectric-constant contrast with the matrix (> 70) were not representative of soil-structure patterns.
Most of the models used to retrieve soil moisture from microwave measurements describe the surface scattering as the Integral Equation Model (IEM) model [5] . Numerous studies were devoted to the evaluation of such models using references from either numerical simulations [6] , [7] or measurements made under well-controlled conditions. [8] , [9] . Comparisons are, in general, satisfactory with reasonable errors (1-3 dB with the scattered signal or 0.1 with the soil emissivity). Surfacescattering models were revealed to be very sensitive to soil roughness characterization [10] , which is very difficult to obtain at the scale of the microwave measurements [11] . Therefore, it is not easy to isolate from model/experience comparisons the volume contribution to the total scattering. An implicit way to account for volume scattering in surface-scattering models has been to play on the depth of the layer used to characterize soil moisture. However, surface-scattering models sometimes failed in simulating backscattering measurements over the range of moisture conditions and angular configurations, particularly with cloddy soil [12] , when a single depth was used to simulate all conditions and configurations. Accounting for moisture gradients near the surface to compute the soil reflectivity led to a difference that is lower than 1 dB [13] , [14] , which could not explain the observation/simulation discrepancies. Therefore, the microwave scatter patterns may change when soil dries, explaining why surface-roughness parameter has been found to vary with soil moisture [15] . A recent study [16] has shown a strong interaction between the moisture sampling depth and the roughness parameters, demonstrating that the soil volume-scattering component may lead to a compromise for soil moisture and roughness characterization. Schneeberger et al. [17] proposed an original approach to represent topsoil structure, but their model does not distinguish the roles of surface roughness and soil structure. To our knowledge, a clear evaluation of surface and volume-scattering contributions to the total scattering from structured soil has never been shown.
To evaluate such contributions, experimental analyses are not appropriate since the total scattering can only be measured. An alternative method is provided by numerical models that solve Maxwell's equations in heterogeneous media by considering the heterogeneity geometry explicitly. A wide choice of computational methods exists [18] . For our objective, time-domain approaches, as used in the time-domain finite-element method (FEM) (TDFEM) or the finite-difference time-domain (FDTD) method, are preferred since they can easily give results in the time and frequency domain using a Fourier transform. In our study, we adopted the TDFEM approach. It provides stability and precision while offering great flexibility in the partitioning of domains, exhibiting a complex geometry and the possibility of introducing boundary conditions of various natures [19] . The TDFEM allows 1-, 2-, and 3-D representations. A 3-D approach is necessary to represent the wave scattering from heterogeneous media as soils. However, to represent domains that are large enough to smooth speckle effects and meshes that are fine enough to represent soil structure geometry, very large meshes are necessary. A 2-D approach is then an alternative (the number of meshes can be divided by more than 100) to have a numerical problem of reasonable size. However, the 2-D representation implies that the heterogeneities have an infinite extension along the direction perpendicular to the modeled plan and prevents the representation of depolarization. Using the FDTD method, simulations of the scattering patterns from an ellipsoid and a cylinder, which present similar cross sections, have led to different scattered electromagnetic (EM) fields [20] showing, in this case, the limit of a 2-D approach. However, the authors have also shown that the scattering EM field from a parallelepiped having similar cross section is much more different than the other two targets. These differences were established from isolated canonic targets, and conclusions can be different with complex 3-D media. To represent such media and to have a reasonable computation time, we adopted, in this paper, a 2-D approach and evaluated it by comparing simulated results with experimental measurements made on targets having a well-controlled 3-D structure.
Freshly tilled soil can be considered as a biphasic medium with clod embedded in fine earth. Both phases differ by their dielectric constant due to the difference in soil moisture and dry bulk density. The surface is defined as the resultant of the soil fine-earth roughness and the clod position near the surface, which are more or less inserted in the soil. To compute the representative scattering patterns of a given target, numerous simulations are required to smooth the variability induced by the spatial arrangement of the reflectors within the computation domain. For every simulation, independent descriptions of the soil structure are needed to establish an explicit permittivity map. Such maps are very difficult to measure and are generated by a soil-structure model.
In this paper, we present a 2-D scattering simulator (hereafter referred to as 2DSCAT) that represents microwave-scattering measurement of a medium as agricultural soil. It contains a solver based on a TDFEM model developed to simulate time-domain reflectometry measurements. Boundary conditions were adapted to produce a Gaussian beam, and a near-field to far-field transformation (NFFT) was implemented to compute the scattering diagrams. Perfectly matched layers (PMLs) were introduced at the edge of the computation domain in order to represent an open area by a finite domain. The solver is combined with a soil-structure generator, based on an aggregate approach recently used in soil science for seedbed description [21] , in order to control the size of the clods. The solver was first validated against analytical solutions. Then, its ability to represent microwave scattering from heterogeneous media composed of aggregates was established using experimental data. Finally, the impact of aggregates embedded in a soil matrix on the scattering signal was assessed.
II. THEORY

A. Formulation of Maxwell's Equations and Numerical Resolution
To solve the Maxwell's equations with the FEM, rotational equations for the electric field and the magnetic field were written in a dimensionless form
where μ r is the relative magnetic permeability, ε r is the relative permittivity, σ r is the relative electric conductivity, and σ * r is a fictive magnetic conductivity, which is necessary to introduce absorbing layers. H and E are the dimensionless electric and magnetic fields, the components of which were divided by H 0 and E 0 being linked by
Distances are divided by a characteristic length l, and time is divided by the characteristic time τ = l/c, where c is the wave velocity in the void. The dimensionless equations introduced two dimensionless terms
where σ 0 and σ * 0 are reference electric conductivity and fictive magnetic conductivity, respectively.
Equations (1) and (2) can be integrated over the spatial domain (Ω) and its boundary (Γ) and rewritten in a weak formulation using the Galerkin weighting (δH and δE). Following the transformations proposed by [22] , we obtained, for the transverse-electric (TE) mode
Similar equations can be obtained for the transverse-magnetic mode. Since we limited our study to the TE mode, we do not present the equations for the other modes. In (6) and (7), the boundary conditions can be easily introduced in the integral term over (Γ). To solve (6) and (7), we used a C++ objectoriented programming for the finite-element code called fast adaptive finite-element modular object (FAFEMO) [22] , [23] .
B. Boundary Conditions
Due to the weak formulation with the natural boundary conditions and the Huygens principle, we only have to enter the incident field at the edge of the computation domain as a function of time and location. Considering an incident wave having an incident angle θ, we can define the Cartesian references (SXY), where X is the unit vector along the propagation direction, and Y is perpendicular to it. The field value at point M(XY ) of the boundary can be written as
where F (X, t) defines the pulse shape in time and g(Y ) defines its shape in space. A Rayleigh-shaped pulse was implemented for F (X, t), which covered a range of frequencies
where f is the central frequency having the maximum energy. A 2-D Gaussian intensity beam g(Y ) was obtained according to the following:
with α representing a parameter function of the width of the spot. This allowed simulating a focused beam, as generated by most antennas, and focusing the energy in the middle of the computation domain to limit edge effects.
C. Absorbing Layer
Absorbing layers were set at the edge of the computation domain ( Fig. 1) to limit its size and reduce parasitic reflections. We chose the Berenger PML technique, which led to satisfactory results [24] , [25] . Around the computational domain, as shown in Fig. 1 , we implement the following equations given for the 2-D case and the TE mode with the EM components
with E x = E xy + E xz . No reflection occurs at the boundary between the propagation media and the PML when σ y /ε = σ * y /μ if the boundary is perpendicular to the y-axis, and σ z /ε = σ * z /μ if the boundary is perpendicular to the z-axis. In the PML proposed by Berenger, σ increases gradually in relation with the wave penetration in the PML according to
with
where η = (μ/ε) 1/2 , R(0) is the normal reflection coefficient, d is the total PML thickness, and m is the polynomial order; z is the depth of the PML with respect to its inner border.
These values were chosen by considering the residual reflection of a plane wave by the PML with a normal incidence. We optimized m and R(0) for a PML thickness set to d = 0.105 m. With m = 3 and R(0) = 10 −5 , the ratio of the reflected energy to the incident energy was equal to −98 dB.
D. NFFT
Due to the equivalence principle, we can calculate the far fields from the near fields recorded on a contour (C) for the 2-D case (Fig. 2) . We implemented an NFFT formula derived from the Stratton-Chu formula in the frequency domain using e −jωt convention [25] , [27] - [29] . For every point M (x, r, θ) defined in a cylindrical coordinate system (O,x,r,θ), the EM field (E, H) is given from to the field (E , H ) on (C) by
with G as the Green function andn as the normal vector to (C) in the 2-D plan at the integration point M (r , θ ).
In the TE case, with the EM components (Ex, Hr, H θ ) and the far-field approximation
with k as the wavenumber and H
(1) 0
as the zero-order Hankel function of the first kind, which can be approximated when r r by
With the time expressed in the propagation equation as e
As E is perpendicular to the plan including C, (17) can be simplified considering that
Similarly,n × H is along thex direction, and so it can be written as
The tangential vector to (C) in the 2-D plan at the integration point M is defined byt. Therefore, we can writet ×r = −(t · θ) ·x, and the approximation made in (21) is expressed by
For a discrete contour with n points and a step of Δ, the Ex field can be finally derived from (17) and (19)- (24) as follows:
Equation (25) is defined for a closed contour. For an open contour, a correction term should be added. However, we can still calculate a good approximation of the EM field without this term [27] , and the correction is generally omitted. The results can be plotted in polar coordinates to give a scattering diagram. E and H in (25) are obtained by a Fourier transformation of the field over time and are computed for every point by the solver.
E. Numerical Characteristics
Simulations were performed in TE mode using a Rayleigh pulse with a central frequency of 3 GHz. The size of the simulated domain was 0.9 by 0.3 m. The domain was meshed using regular triangles with the size set to λ/50 (λ being the wavelength), and so, 750 000 elements were necessary to cover the calculation domain. Elementary properties were determined from the soil map considering that the element properties corresponded to the element's center of gravity. Note that no refinement was performed in the vicinity of the surface (clod, soil). The time step corresponds to 1 ps, and the simulated time was 2.85 ns. The NFFT was performed with an open contour, which was a straight horizontal line over the target. To minimize computation time, the FAFEMO solver was parallelized, and an expert system was implemented to restrict the computation domain to the portion already crossed by the EM wave.
F. Soil-Geometry Simulator
We model the heterogeneities found in tilled soils. In fact, we assume that tilled soil can be represented by two phase media with clods of different sizes embedded in a continuous medium which corresponds to fine earth (Fig. 3) . Both phases are assumed to have distinct dielectric constant since the clods are more compact than fine earth, thus leading to different levels of volumetric water content. The soil-generator principle is then to include in a homogeneous medium having a rough upper boundary (the fine earth), random-shaped entities (the clods), the characteristics of which can be defined and controlled separately. In this paper, we represented clods by ellipses, with randomly deformed contours to reproduce clodsurface irregularities. The soil-geometry simulation was done according to the following phases.
1) The proportions of clods and fine earth were defined.
According to the clod-size distribution law, we drew a set of ellipse sizes until we reached a cumulative surface that corresponded to the proportion of clods. In this study, the ratio between the small and the great axis of the ellipses was kept constant. 2) A random surface was generated for the fine-earth phase, considering Gaussian and exponential autocorrelation functions. 3) For every clod, a deformation was calculated by adding a random difference to the ellipse radius. This was made for every directions sampled with a 1 • increment. From the computed new radii, a spline function was used to close the clod boundary. In this study, the random difference was drawn using a Gaussian law and a standard deviation of 0.09 · r (r being the radius). 4) Clods were then successively positioned within the domain. The location of the center of every clod and the orientation of its great axis were randomly determined within given limits. The overlapping with already positioned clods was computed. If it was greater than a prescribed percentage, a new random location was drawn. Fig. 4 . Geometry of the infinite-cylinder problem. k is the incident wave vector, θ i is the incidence angle, a is the cylinder radius, and M (r, θ) is the watching point.
The soil-geometry simulator was therefore based on the following main parameters: 1) proportion of aggregates with respect to fine earth in the medium; 2) mean and standard deviation of the clod-size distribution, the maximum overlapping threshold, and the distribution law to compute ellipse deformation; 3) ellipse-orientation distribution and deformation statistics; 4) distribution characteristics (standard deviation of the heights, correlation length, and autocorrelation function) of the fine-earth surface profile.
An example of a soil representation computed by the soilgeometry simulator is given in Fig. 3 . The simulated soil geometry is then taken to allocate to every element the EM properties of their center of gravity.
III. VALIDATION OF THE 2DSCAT MODEL ON EXACT SOLUTION
A. Analytical Solution to Validate the EM Model
In order to validate the 2DSCAT model, tests were performed on two simple targets: an infinite perfectly conducting cylinder and a homogeneous semi-infinite medium with a planar surface. For the infinite perfect conductor, we took the exact solution for the scattered EM fields [30] . In the 2-D case with a cylindrical coordinate (O,x,r,θ), as shown in Fig. 4 , we considered an incident plane wave field E i x of incidence θ i and wavenumber k, given by
The fields scattered by a cylinder of radius a can then be written as follows: (27) where J n and H (1) n are the Bessel and the Hankel function of the first kind. (26) and (27)]. Using (27), we computed the scatter diagrams for two diameter sizes (0.1λ and 1.4λ) and compared these diagrams with those given by the EM model.
For the reflection of a homogeneous semi-infinite medium with a planar surface, we compared the reflection coefficient for different permittivities (5, 10, 15, and 20) and incidence angles (10 • , 30
• , and 50 • ). The theoretical reflection coefficient is given by the Fresnel formula. The simulated reflection coefficients were computed with the NFFT, using, as a contour line, a straight line located just above the media.
For these simulations, the incident EM field was a plane wave pulse.
B. Results
The scattering diagrams in Figs. 5 and 6 show the results for a perfectly conducting cylinder with a diameter of 1.4λ and 0.1λ, respectively. Simulations made by the 2DSCAT model respect the shape of the scattering diagram and the magnitude of the scattering field from perfectly conducting cylinders having contrasting diameters. In the case of a small cylinder, the mesh was refined around it, and the square contour used to implement the NFFT was set very close to the cylinder (0.05λ). The simulated fluctuations (∼1 dB) observed in Fig. 5 with the large cylinder were induced by the location of the NFFT contour, which was too far from the cylinder (0.5λ). Such a result stresses the importance of having the NFFT contour near the scattering target. Fig. 7 shows the reflection coefficients for a homogeneous semi-infinite medium with plane surface at different incidence angles. We can see that all the simulated reflected fields are in very good agreement with the theoretical values, even for the large incidence angle of 50
• . The successful comparison of the 2DSCAT model with the exact analytical solutions shows that the numerical method is well implemented and that the numerical parameters are adequate. Moreover, this validates the NFFT, which was calculated with an open contour.
IV. EVALUATION OF THE 2DSCAT MODEL ON EXPERIMENTAL MEASUREMENTS
A. Experiments
We verified that the 2DSCAT model simulated the influence of soil structure by making measurements under controlled conditions. The experimental data were collected using an FM continuous-wave radar operating at 10 GHz and HH polarization [31] . Measurements were made in an anechoic chamber. Backscattering power measurements were made on a box filled with dry soil clods, which could be handled easily as they had a good mechanical stability. Moreover, dry condition was a favorable condition to obtain a homogeneous dielectric permittivity within and between clods. Power measurements were normalized by that measured on a horizontal metal plate. Measurements were performed at nadir on different targets that differed by the clod-size classes: 5-6.3, 6.3-10, 10-12.5, 12.5-16, 16-20, 20-25, and 25-31 mm. For a given aggregatesize class, 50 replications were done. For each replication, the box was emptied and refilled with the same aggregates, and a characterization of the surface roughness was determined. Soil Fig. 8 . Example of the aggregate-box representation given by the soilstructure generator. characteristics are displayed in Table I . Then, radar measurements were averaged and normalized by the center wavelength.
To reproduce this experiment, we generated a batch of 30 permittivity maps for each clod-size class using the soil-geometry simulator. The heterogeneous medium (Fig. 8 ) was supposed to be an air-clod mix, the clod having a relative permittivity of three, which corresponds to a very dry soil. Moreover, the soil maps were selected in order to filter those having a roughness similar to the experimental case. A simulation with a metal plate was also performed to normalize the simulated backscattering power, as done with the experimental results. All simulations were conducted with nadir angle of incidence. Normalized backscattering coefficients from 30 replications were then averaged and compared with the averaged experimental results.
To address the impact of soil structure, a homogeneous medium was simulated with ε r = 3, and a surface profile was generated using an exponential autocorrelation function. Thirty replications were simulated, and the normalized backscattering power was averaged. Fig. 9 shows the normalized backscattering measurements for the different clod-size classes. The experimental data are about 2.5 dB below the simulations. This may be explained by an error of the reflected-power measurement from the metal plate whose horizontality is difficult to obtain, an error on the determination of the dielectric constant, and/or the representation of the soil media. Nevertheless, the 2DSCAT simulator is able to simulate backscattering power variations according to the clod size. The unexpected low value for the H rms case of 0.12λ corresponds to an aggregate size of λ/2. Such a drop may be explained by the rise of destructive interactions due to the elliptical shape of the aggregates and their particular size with respect to the wavelength. These two points were different in the experimental conditions since the aggregate size was not unique, and the shape of the aggregates might be more complex.
B. Results
The results also show differences between homogeneous and heterogeneous media when the clod size is large. This can be explained by the impact of volume scattering due to soilstructure heterogeneities and/or by the ability of an exponential autocorrelation function to describe the surface roughness of cloddy soils investigated in this study.
The comparison with experimental results shows that the combination of the 2DSCAT model and the soil-geometry model leads to a relevant description of microwave-scattering patterns of heterogeneous media, with aggregates having a size comparable with the wavelength. This result strengthens the relevance of using 2-D modeling to represent the microwave scattering from complex tilled soil. Without making specific simulations in 2-D and 3-D configurations, it is difficult to assess the error made by a 2-D modeling. However, our results show that the 3-D processes have little impact on the copolarized backscattered power from a complex target with many scatterers.
V. ANALYSIS OF THE SCATTERING PROCESSES FROM TILLED BARE SOILS
We studied the impact of the volume scattering of soillike media. For this, we considered two media: one having a flat surface and clods embedded in the soil (case 1) and another having a rough surface and clods at the surface and in the soil. We compared the results from the heterogeneous medium and that from an equivalent homogeneous medium. The latter corresponds to a medium having the same surface profile as the heterogeneous one but with a constant equivalent permittivity determined by the weighted sum of the two phases. Comparisons were drawn between the scatter diagrams and the evolution of energy computed at the center of the computation domain above the medium. The soil characteristics are summarized in Table II . In both cases, rather dry conditions were selected. With case 1, which is somewhat caricatural, a strong contrast between the fine earth and the clods was taken.
We simulated in case 2 a situation that was as close as possible to actual soil conditions. For this, we took profit of soil characterization, done after a tillage operation with a rotary arrow [32] . The clod-size distribution was determined, and the soil moisture and dry bulk density of both phases were measured. The dielectric constant was then derived using the Dobson soil-dielectric model [33] , with the result of a moderate contrast ranging from 8.5 to 6 for the clod and the fine-earth phases, respectively.
The first case corresponds to a flat soil with clods imbedded below the surface (see case 1 in Table II ). The soil structure simulated by the soil-geometry simulator is shown in Fig. 10 , and the 2DSCAT simulation results are shown in Fig. 11 .
In both cases, the main contribution to the scattering field is the specular reflection. The difference in the backscattered |E| 2 from the homogeneous and heterogeneous media is equal to 1.9 dB. It is significantly higher than the model errors obtained with the test cases (Figs. 6-8 ) and shows that the clods below the surface have an impact in the scattering process. Differences in scattering fields become much stronger with angles Fig. 10 . Permittivity maps given by the soil-structure generator for case 1 (Table II -clods under a flat surface). Black color corresponds to clods having a higher permittivity. Fig. 11 . Simulation results for case 1 (Table II- larger than 5
• , confirming the presence of volume scattering. The large difference in decibels, which is mainly due to the very low scattering from the homogeneous media, should be theoretically limited to the specular reflection. With the heterogeneous medium, the scattered field at incidence angle greater than 20
• is comparable with that of a rough soil (Fig. 13 ) with an |E| 2 ranging between −25 and −30 dB. The volume scattering also affects the temporal signal of the energy above the surface by maintaining a higher level of energy beyond 1 ns [ Fig. 11(b) ].
The second case corresponds to the rough surface (see Table II , case 2), with clods located both in the soil and at the soil surface. The generated soil geometry is shown in Fig. 12 , and the results from the 2DSCAT are shown in Fig. 13 .
As with the first case, the specular reflections from the homogeneous and heterogeneous cases are comparable. Surprisingly, the patterns of the diffusion diagram at higher scattering angles are very similar, showing that surface scattering dominates the scattering processes. The difference in |E| 2 never exceeds 1 dB. This may be explained by the smaller number of clods (26% of the surface) used in this case compared with case 1 (51% of the surface). However, simulations made with a higher density of clods showed similar results. Again, the energy of the temporal signal persists longer in the case of the heterogeneous medium. This confirms that volume scattering occurred but did not significantly alter the angular patterns of the scattered electric field. Therefore, surface scattering is the dominant scattering process on rough surfaces, thus explaining the success of surface-scattering models. The contribution of the volume scattering remains lower than 1 dB, which falls within the range of errors made on the scattering fields due to roughness-characterization uncertainties [10] . This explains why the volume-scattering contribution is difficult to evaluate from experimental results. The case 2 results were obtained with a rather dry soil. In wetter conditions, we do not expect a stronger contribution of the volume scattering since the weaker wave penetration should enhance surface scattering.
To characterize the inner structure of soil, classical radar measurements based on the amplitude of the scattering field do not provide relevant information. Since clod size and surface roughness are correlated, an indirect evaluation of the clod size can be made by analyzing the surface-roughness patterns. The temporal signal seems to be the most interesting characteristic to analyze and separate the volume-scattering contribution, which requires recording of the temporal signals with an instru- 
VI. CONCLUSION
In this paper, we have presented the combination of a microwave-scattering model and a soil-geometry simulator, which offer an original simulator of 2-D EM scattering from soils. We have demonstrated its abilities to represent the microwave backscattering results on heterogeneous media composed of soil aggregates. This means that a 2-D representation, which strongly reduces the size of the numerical problem, is suitable to represent tilled soil as the copolarized scattering from heterogeneous media.
Analysis of the 2DSCAT model outputs shows the strong influence of surface scattering. In the studied cases, the volume scattering does not produce specific scattering angular patterns when a rough surface is present. However, a time-domain study of the scattering signal seems to be an interesting way to get volume information even with rough surfaces. The 2DSCAT model can be a useful tool to better define the significance of an equivalent permittivity by considering the soil structure and the vertical gradients. Another endeavor will be the development of a 3-D version, which allows analysis of the influence of volume scattering on depolarization.
